The authors have recently developed a time-domain reflectometry (TDR)-based leak-localisation system which, being based on an electromagnetic technique, overcomes the well-known downsides (sensitivity to environmental noise, to pipe material and geometry etc.) of traditional, electro-acoustic leak-localisation techniques. Starting from the positive results obtained so far, in this work, the authors investigate the possibility of implementing an integrated TDR/ground penetrating radar (TDR/GPR) approach. The TDR would allow the preliminary leak localisation, while the GPR technique would be used to have a countercheck for possible false positives. Also, GPR would allow to assess the quantity of the leaked water (thus scheduling a priority order for repair) and to obtain a three-dimensional view of the subsurface soil around the pipes, so as to assess their health status. In this work, the combined TDR/GPR approach is tested on a pipe section in the presence of two leaks. In addition to this, in this study, also a different configuration of the TDR sensing element (SE) is experimented. As described in what follows, this new SE configuration is expected to expedite considerably the implementation and the use of the TDR-based leak detection system.
Introduction
Leaks from water distribution system represent a serious issue, especially with the increasing international attention towards environmental sustainability and economic efficiency [1] . Hence, water pipelines need to be systematically monitored in order to minimise losses from possible leakages; clearly, the more often leak detection is carried out; the lower will be the overall water losses [2] . However, the costs of carrying out frequent leakdetection campaigns may become higher than the economic benefit related to water saving (it is common practice, in fact, to refer to the so-called economic level of leakage [3] ). In addition, experience shows that pipe failures follow 'bathtub curve' trend: as they accumulate at the beginning (construction failures) and the end (material fatigue, corrosion) of the useful life of the pipes.
Traditional leak detection systems are mostly based on acoustic techniques [4] ; nevertheless, they have some shortcomings, such as the fact that their performance depends on several parameters (such as pipe material, water pressure, and environmental noise), and the measurement output becomes unreliable unless specific operating conditions are guaranteed. Moreover, most acoustic systems do not provide a real-time response; e.g. leak-noise correlators require placing a multitude of sensors inside inspection wells and leaving the sensors for days before the results can be processed. As a result of these limitations, more time-and cost-effective leak-localisation methods are constantly being investigated.
In this regard, a time-domain reflectometry (TDR)-based method for the localisation of water leaks has been developed by the authors [5, 6] . In this system, a wire-like sensing element (SE) is buried along the pipe at the time of installation. The SE, which can be up to 100 m long, remains permanently buried with the pipe, and can be interrogated whenever it is necessary to verify the presence of leaks. Once a pipe section has been equipped with the SE, it takes ∼5 min for the operator to localise the leaks. This TDR-based leak-detection system has been recently implemented on a large scale by Acquedotto Pugliese S.p.A., the largest European Water Operator, in 10 km of pipe networks: the description of the practical steps followed for this large-scale implementation can be found in [7] . Results have already shown that the employment of this TDR-based leak-detection system expedites considerably the leak-detection campaign, and the related costs, thus allowing to carry out more frequent leak-detection campaigns. In fact, traditional acoustic leak-localisation systems allow to inspect, on average, <2 km/day of pipe network; whereas, the TDR-based leak-detection system has a productivity of >7 km/ day, thus substantially reducing the costs related to leaklocalisation campaigns.
Starting from the positive results obtained thus far, in this work, an enhancement of the system is proposed. It refers to the adoption of a different configuration of the SE; more specifically, a cable similar to closed-circuit television cables is used: it consists of a wire and a coaxial cable, which run parallel to each other. As detailed in what follows, the coaxial cable is used to evaluate the physical length of the buried (parallel) SE, since the propagation velocity in this cable is constant and known a priori. The resulting data can be used for calibration of the actual length of the buried SE, thus reducing the error in the algorithm for the localisation of leaks.
Furthermore, in this paper, the authors also investigate the possibility of implementing an integrated approach that exploits TDR in combination with ground penetrating radar (GPR). The GPR technique has been widely used for leak localisation [8, 9] , as it is very accurate, reliable, and non-destructive. In this work, the use of GPR is considered as an additional tool that can be used for integrating, when necessary, the information obtained through TDR.
For example, in practical applications, after the preliminary localisation of the leak through TDR (which usually provides an uncertainty in the order of 1-1.5 m), it is useful for the operators to assess the entity of the leak, so as to establish an order of priority and schedule the maintenance/repair accordingly.
GPR may also be used for a closer inspection of specific pipe sections to have a countercheck for possible false positive. For instance, should the TDR-based leak detection not give conclusive results on the presence of the leak, the operator could go on site and carry out a GPR measurement on a limited area.
Furthermore, in specific cases (e.g. when the nature of the soil is expected to lead to unexpected paths of the leaked water), GPR measurements may also be carried out right after the installation of the pipe. The GPR results could then be stored in a database and used as reference for future comparison in successive GPR measurements on the same site. In this way, by differentiating the GPR signature and the new GPR data, the position of the leak would be clear, and the overall procedure -from the initial leak detection to the final maintenance intervention -would be significantly optimised.
Finally, GPR can also be employed for assessing the diffusion of waterfront in the soil (which may end compromising nearby utilities), and for obtaining a three-dimensional view of the pipes and qualitative data on their health status.
On the basis of these considerations, for the specific purposes of this work, a newly-installed underground pipe section was considered, and the pipe was equipped with the new wire-like SE for the TDR measurements. Two leakage conditions were intentionally provoked, and the corresponding positions were evaluated through TDR and GPR measurements.
The remaining of this paper is organised as follows: after a brief description of the theoretical background of TDR and GPR are given in Section 2, the experimental setup and the measurement procedure are described in detail in Section 3. Successively, in Section 4, the experimental results are presented and commented on. Finally, in Sections 5 and 6, final considerations are made and the conclusions are reported, respectively.
Background

Theoretical background of TDR
TDR relies on the propagation of an electromagnetic (EM) signal along a SE, inserted in the system to be monitored. The reflected signal is acquired by the instrument and, through an appropriate analysis, it is possible to retrieve the desired information. The generality of this approach is a result of the broad range of applications of TDR. In fact, TDR has been largely used for the determination of soil water content [10] ; for dielectric permittivity measurements [11, 12] ; for monitoring rising damp in building structures [13] ; for the localisation of wire faults [14] ; for liquid level sensing [15] ; and so on. A comprehensive review of TDR theory and of its numerous applications can be found in [16] .
In the considered application, the localisation of the leak is based on detecting the variation of the dielectric characteristics of the soil in relation to the water leakage. In fact, the relative dielectric permittivity of water is ∼78, whereas the relative dielectric permittivity of soil is typically in the order of 3-10. As a result, the presence of leaked water in the soil leads to a significant change in the soil dielectric permittivity.
Theoretical background of GPR
GPR is a non-invasive geophysical method that relies on short EM pulses in the microwave range, radiated by a transmitting antenna which is moved along the observation line together with a receiving antenna, usually kept at a fixed distance from the transmitting one (common offset mode [17] ).
By moving the GPR system along the observation line (i.e. the length of the buried pipe, in the leak detection scenario), the acquired data provide a vertical image of the underground, corresponding to a sheet under the line crossed by the instrument.
GPR can discriminate the simultaneous presence of several pipes, even quite close to one another [18] , and can also provide refined details on the geometric configurations (e.g. presence of flanges) [19] .
Geophysical methods are also usually employed to determine the water content in the subsoil [20, 21] . In the considered leakdetection scenario, the use of GPR helps to delineate changes of water content, and thus to develop optimum hydrogeological investigation of the subsurface related to water pipes losses.
The direct output of a GPR prospection is a radargram, in which the scattering by a buried object (small in terms of the used wavelength) is imaged as a hyperbola. The presence of water changes the propagation velocity of the EM waves in the soil, thus also changing the shape of the diffraction hyperbolas in the investigated area [22] . Hence, through the analysis of the diffraction hyperbolas, it is possible to retrieve the velocity map (i.e. the spatial distribution of the velocity of the EM wave in the soil); in turn, the velocity map can be associated with soil water content percentage (at least in homogeneous soil) [21] . Fig. 1 shows a schematic of the measurement apparatus. To localise the leaks applying TDR, the SE is buried with the pipe at the time of installation, and one end of the SE (point O in the figure) remains accessible to the operator through a manhole or an inspection well. The SE can be up to 100 m long and, usually, it has a two-wire transmission line configuration.
Materials and methods
Leak localisation through TDR and enhancement of the SE configuration
The SE runs from point B to point E; whereas the cable portion between points O and B serves only for connection purposes. As a result, the length of the SE is
When the operator has to check for the presence of leaks, they connect the portable TDR unit to point O, and perform the measurement. The direct output of the measurement is a reflectogram, which shows the reflection coefficient (ρ) as a function of the electrical/apparent distance (d app ) travelled by the TDR signal propagating along the SE.
The position of the leak (L L ) is automatically evaluated through the algorithm developed in [5] , which calculates the position of the leak as distance from the inspection well and implements the following equation: where L L app is the apparent distance of the leak from the connection point; L SE app is the apparent length of the SE; and ε app is the apparent dielectric constant of the propagation medium (e.g. the dielectric insulator and the soil surrounding the SE). The quantities L L app and L SE app are evaluated from the TDR reflectogram. In particular,
and d E app are the reflectogram abscissae corresponding to the leak, to the beginning of the SE, and to the end of the SE, respectively. Therefore, the identification of points L, B and E on the TDR reflectogram is crucial. The procedure for enhancing the accuracy in the evaluation of these quantities can be found in [5] .
To apply (1), also the physical length of the buried SE, L SE , must be accurately determined for minimising the uncertainty in the localisation of the leak.
In [7] , it was described that the very first step for the implementation of the system was to establish (on the blueprint of the pipe network, before the installation of the pipes) the exact length of each SE and the exact position of the corresponding inspection well. The SEs were then to be provided to the construction workers in rolls of pre-established length. This was done because, as already stated, for applying (1) it is necessary to know the exact length of the buried SE.
To avoid this design step, in this work, an enhancement in the configuration of the SE is introduced; in particular, a two-element cable configuration is proposed. Fig. 2 shows the schematisation of the cross section: it consists of a metallic wire (W1) and of an RG59 coaxial cable, which are mutually insulated and run parallel to each other.
From TDR theory, it is well known that the length of a coaxial transmission line (L coax ) is related to its apparent length (L coax app ) by the following equation:
where ε diel is the dielectric permittivity of the insulator, which is usually known from specifications. Therefore, even after the twoelement cable is buried, by acquiring the TDR reflectogram of the RG59 coaxial cable and applying (2), it is possible to evaluate the physical length of the RG59 cable. As a result, because in practical applications L coax = L SE , also the quantity L SE is determined and available to be used (1) .
To summarise, this two-element cable configuration of the SE, while keeping the cost low, allows avoiding the need to preestablish the length of each SE and expedites the installation of the system.
Indeed, even when the SEs are provided in pre-established lengths, it may occur that during the installation of the pipe, it may become necessary to cut the SE, or to use a longer SE. In such cases, with the old version of the SE, the construction workers would have to verify the actual length of the SE. On the other hand, with the new configuration of the SE, this can be done easily by the operator through a TDR measurement.
In addition, it may happen that the biwire is cut during installation (or it may break during the operating life). Also in this case, the presence of the coaxial cable would allow to determine the new length of the SE. Overall, the employment of the SE configuration leads to an enhancement of measurement accuracy. In fact, when the previous version of the SE (consisting of the sole biwire, without the possibility of an accurate length calibration [5] ) despite the great care taken in measuring L SE prior to the burial, that introduced an additional error contribution in the order of 2% of the length of the SE. This is now considerably reduced with the new SE configuration.
It is important to point out that, also in this configuration, the actual SE is a two-wire transmission line. In fact, for the considered application, the two-element cable was employed as follows: the outer conductor of the RG59 was used as the reference ground, alternatively, for the inner conductor of the RG59 or for the wire (W1). The former configuration serves only to determine the length of the buried SE, whereas the latter configuration serves to allow the two-wire transmission line (i.e. the actual SE) to localise the position of the leak. Thanks to the presence of a switch in the connector, when the operator connects the TDR instrument to the two-element cable, they can decide to propagate the TDR signal either along the RG59 or along the bifilar transmission line that is formed between the RG59 outer conductor and the wire.
GPR-based leak assessment through GPR measurements
The procedure to evaluate soil water content from GPR data consists of the following steps:
• making assumptions on the dependence of the EM wave velocity on soil dielectric permittivity; • acquiring and processing the GPR data, which is required to determine the EM wave velocities; • monitoring the EM wave velocity to characterise the principal paths of outflow of the water in the subsoil.
With regard to the first aspect, the EM wave velocity depends on the relative dielectric permittivity (ε r ), on the magnetic permeability (μ), and on the electrical conductivity (σ) of the investigated medium. However, assuming that the investigated medium is a good dielectric, then the EM wave velocity (v) can be obtained through the following relation [23] :
where c ≅ 3 × 10 8 m/s is the EM wave velocity in the free space. With regard to the analysis of the water path in the subsoil, as mentioned in Section 2, the relative dielectric permittivity of water is considerably higher than the dielectric permittivity of dry soil; therefore, localising the variations of the dielectric permittivity of the soil allows to evaluate water content distribution. Several models can be found in the literature [24, 25] that propose a relationship between the relative dielectric permittivity and soil water content (w), such as the Complex Refractive Index Method (CRIM) [26] . The major drawback of the CRIM is that it does not take into account the geometrical information on the internal structure of rocks and on microscopic fluid distribution (which may have a considerable influence on the dielectric properties of partially saturated rocks [27] ). This limitation can be overcome by using the Hanai-Bruggeman formula. Unfortunately, also with this approach, the major problem is that it is not possible to derive both the porosity and the water content from the dielectric permittivity; hence, strong a priori assumptions must be made to obtain information about the water content.
For these reasons, it is preferable to use the well-known empirical equation derived by Topp et al. [28] , relating the dielectric response of various soil samples (in terms, of effective dielectric permittivity, ε eff ) as a function w: Although there are several exceptions of type of soils that do not follow Topp's equation are known in the literature (e.g. organic or volcanic soils), (4) has a sufficiently general validity, and it is often referred to as a 'universal' function [29] . In the following, (4) will be used to retrieve soil water content distribution.
Experimental setup
To verify the suitability of the TDR-based leak-localisation system with the enhanced two-element cable described in Section 3 and to experiment the employment of GPR as an additional tool for leak localisation, a water pipe was installed ∼1.5 m underground. In the considered area, the soil consisted of asphalt (0.4 m thick), agricultural soil (∼2.0 m thick), that leaned on a calcarenite base. For the experimental tests, two water leaks (L1 and L2) were intentionally provoked. The leakage-like conditions were mimicked by pouring water underground, through two man-holes present at a distance L L1 = 17.5 m and at L L2 = 30.5 m from the inspection well, respectively. Then, measurements were performed, through TDR and GPR, for localising the leaks.
The TDR and GPR measurements were carried out in three conditions:
• dry soil: in dry condition of the soil, before pouring the water through the man-holes; • first phase wet: in the presence of leak For the TDR measurements, at the time of installation of the pipe, a 40 m-long SE was rolled out on the pipe (similarly to Fig. 1 ). As aforementioned a two-element cable consisted of an RG59 coaxial cable (with electrical impedance 75 Ω) and a biwire. TDR measurements were performed through the HL1500, a portable reflectometer that generates a step-like voltage signal with a rise time of ∼200 ps [30] . The HL1500 has a BNC-type output connector with a 50 Ω electric impedance.
The GPR surveys were carried out through a multi-use ground penetrating radar system (model: RIS Hi-mod manufactured by IDS), equipped with a 600 MHz antenna (centre frequency). The data were acquired using 512 samples per scan, with a recording time window of 80 ns, gain function: manual, horizontal marker distance: 1 m. The acquisition parameters play a very important role because they influence directly the quality of the data and the complexity of the following elaborations [23, 31] .
Experimental results
Leak localisation through TDR
The first step was to evaluate the length of the buried SE (as it had been unknown), through a TDR measurement on the RG59 cable. Fig. 3 shows the reflectogram of the RG59. The apparent length of the RG59 was estimated from the first derivative of the reflectogram, which is known to emphasise the electrical impedance variations. The abscissae corresponding to the beginning (B) and the end (E) of the RG59 cable were evaluated from the maxima of the derivative. Successively, TDR measurements were performed in the three aforementioned conditions, with the two-element cable used in the SE modality: Fig. 4 shows the obtained reflectograms. The continuous black curve refers to the dry condition: as explained in [5] , this reflectogram represents the response of the system in normal operating condition; it is acquired and stored in the database to be used as a reference for successive leak localisation on the same pipe section.
Another It should be pointed out that the amount of water added to mimic the leaks was very little (especially for L2), this led to have only slight variations of ρ in the presence of L1 and L2. In practical applications, with actual leaks, the amount of escaped water is considerably larger; hence, the corresponding variation of ρ in the TDR reflectogram is higher and easy to be identified.
Leak assessment through GPR
The GPR data set was used to estimate the water content of the near surface subsoil with a satisfactory resolution, in a fast and non-invasive manner. In fact, by analysing the variations of the subsurface geophysical parameters with time, it was possible to infer a model of how water had diffused in the subsoil. The obtained GPR results were all consistent, both geometrically and quantitatively, with those obtained from the TDR measurements.
The preliminary analysis of the raw data showed a penetration of the EM energy in the first 40 ns two-time window 
Fig. 4 Reflectograms acquired from the SE when no leak is present (continuous black curve); in the presence of L1 (dotted grey curve); and in the presence of L1 and L2 (dashed black curve)
(corresponding to a depth of ∼2.4 m if the mean velocity value of 0.12 m/ns is used). The presence of the numerous reflection hyperbolae (indicated with the yellow circles) from a point source allowed to estimate the EM wave velocity propagation of 0.12 m/ns in the surveyed area [32] . The shape and alignment of the strong reflection event (dashed yellow line) found in the survey area suggest that they are related to the presence of the water pipe (which is at a depth of ∼1.5 m in the top image of Fig. 5 ). The leakage points L1 and L2 are labelled 1 and 2, respectively, shown in Fig. 5 .
The EM wave velocity can be more quickly and easily determined from the reflection profiles acquired in continuous mode, using the characteristic hyperbolic shape of reflection from a point source. In the data of Fig. 5 , several hyperbolic reflections are present, which allow an accurate velocity analysis. The application of this method points out both vertical (in time) and lateral velocity variations from about 0.07 to 0.12 m/ns. Fig. 6 shows the range of the EM wave velocity. The figure shows the comparison between the EM wave velocity distribution related to the profile acquired in dry conditions (top image of Fig. 6 ) and the EM wave velocity model related to the profile acquired in the presence of the leak L1 (central image) and in the presence of two leaks (bottom image). It can be seen that, in correspondence of the leakage points, the EM wave velocity decreases.
Applying (4), it is possible to evaluate the percentage volumetric water content, w, in the three considered conditions: Fig. 7 shows the results. As expected, the figure clearly shows an increase in w as a function of the leaks (central and bottom images of Fig. 7) .
Finally, Fig. 8 shows the relative percentage changes in volumetric water content distribution (Δw v ) in the subsoil, as a function of the distance (the abscissa axis). These results were obtained by subtracting the dry-condition results from the firstphase-wet condition results and from the second-phase-wet results, respectively. It can be seen that using the GPR result in the dry condition as a reference, the variations of w are more pronounced: in particular, it is higher than 4 and 12% in comparison to the other zones.
This last approach can be used when the GPR prospection is acquired right after the installation of the pipe: this GPR signature can be stored in the database and used for comparison with successive GPR surveys on the same pipe. As mentioned in Section 1, this can be done by the operator when the type of soil anticipates unpredictable behaviour of the water front distribution.
From Fig. 8 , it is evident that water content at L1 is higher than that at L2, which is consistent with the quantity of water that was actually added.
Also, the presence of the leak L2, which was not particularly evident from TDR measurements, is clearly distinguishable from the GPR measurements. This confirms that GPR measurements can be used to countercheck TDR results in cases (such as the presence of L2) when the TDR results may not be final. In practical applications, GPR would have allowed to assess how extensive the leak is and to schedule a priority order for the repair intervention (e.g. repairing L1 would have a higher priority than L2).
On a final note, it is important to point out that the proposed system is not influenced by any operating or environmental condition; indeed, it remains robust and reliable even after heavy rain. In fact, the presence of rainwater will change homogeneously the dielectric permittivity of the soil. This means that, after heavy rain, the sensed ρ value will decrease of the approximately the same quantity along the whole length of the SE; in other words, it can be said that the reflectogram will 'move rigidly' towards lower ρ values. Still, the presence of a leakage point in the pipe (with a huge amount of escaped water) will result in a distinct and wellrecognisable, local decrease of the ρ value in correspondence of the leak position.
Final considerations
The proposed TDR-GPR integrated approach is set to improve significantly the traditional leak-localisation activity, thanks to the use of EM measurement techniques rather than electro-acoustic technique (which are typically employed in traditional leakdetection systems). In spite of their widespread use, in fact, traditional electro-acoustic techniques are influenced by the operating conditions of the pipe, by the pipe diameter, pipe material, environmental noise and so on.
With specific regard to the cost of the hardware instrumentation, it may be comparable to that of traditional acoustic leak-localisation systems (in the order of 20-30 k€). Most importantly, the cost (in terms of personnel/manpower effort) for the TDR-based leak detection becomes considerably lower: in fact, the proposed-based system has an estimated productivity of >8 km/day (in terms of length of pipe network that can be inspected on average in 8-hour working day), while the daily productivity of traditional system is in the order of 2 km/day. This implies that the overall personnel costs are reduced to ∼25%.
Another important advantage is that the proposed system can also be used for leak localisation in sewer pipes. At the state-ofthe-art, leak detection in sewer pipes is carried out through cameras (as acoustic methods are intrinsically unsuited due to the lack of pressure in the sewer pipes): this approach is costly and, hence, it is rarely carried out. As a result, leakages from sewer pipes are found after long periods of time and this results in compromising the environment and jeopardising public health. On the other hand, the proposed system can also be used effectively for the localisation of leaks in wastewater pipes. Finally, with regard to possible further development, a possible future enhancement of the TDR component of the proposed system (which is currently being investigated by the authors) may regard the possibility of developing low-cost TDR instrumentation that could be left on site (unguarded) and that could be controlled remotely. In a possible scenario, the on-site, low-cost TDR instrument might provide an alert on possible anomalies/problems. Then, after receiving the alert, the operator would go on site (with more sophisticated equipment), for more in-depth analyses. This is currently being investigated by the authors.
Conclusion
In this work, the authors have investigated the feasibility of adopting an integrated TDR-GPR approach for the localisation of leaks in underground pipes. Moreover, the use of a new SE configuration for TDR measurements (which allows to avoid the design phase in the implementation of the system) has also been proposed. Experimental tests for validating the system were carried out by provoking two leakage-like conditions (L1 and L2) on an underground pipe section. Results showed that the obtained GPR results were all consistent, both geometrically and quantitatively, with those obtained from the TDR measurements. In particular, GPR allowed to conclusively verify the presence of L2, whose entity was very little.
It is worth noting that the adoption of this proposed integrated approach would simplify considerably the traditional leaklocalisation methodology in terms of required time and necessary costs for leak inspection.
In practical applications, the TDR-based system can be used for a preliminary localisation of the position of the leaks; whereas the GPR can be used for inspection of the soil portion with a suspected leak for double-checking the presence of the leak and for estimating its entity. The obtained results can allow the person in charge to establish the urgency of the repair intervention. 
